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Hedgehog can signal both at a short and long-range, and acts as a morphogen during development in
various systems. We studied the mechanisms of Hh release and spread using the Drosophila wing
imaginal disc as a model system for polarized epithelium. We analyzed the cooperative role of the
glypican Dally, the extracellular factor Shifted (Shf, also known as DmWif), and the Immunoglobulin-
like (Ig-like) and Fibronectin III (FNNIII) domain-containing transmembrane proteins, Interference
hedgehog (Ihog) and its related protein Brother of Ihog (Boi), in the stability, release and spread of Hh.
We show that Dally and Boi are required to prevent apical dispersion of Hh; they also aid Hh recycling
for its release along the basolateral part of the epithelium to form a long-range gradient. Shf/DmWif on
the other hand facilitates Hh movement restrained by Ihog, Boi and Dally, establishing equilibrium
between membrane attachment and release of Hh. Furthermore, this protein complex is part of thin
ﬁlopodia-like structures or cytonemes, suggesting that the interaction between Dally, Ihog, Boi and Shf/
DmWif is required for cytoneme-mediated Hh distribution during gradient formation.
& 2013 Elsevier Inc. All rights reserved.Introduction
The hedgehog (Hh) signaling pathway is crucial for develop-
ment as well as for adult stem cell maintenance (Clement et al.,
2007; Kiprilov et al., 2008), cell migration (Hochman et al., 2006)
and axon guidance (Charron et al., 2003) in a wide range of
organisms from Drosophila to humans. Alteration of Hh function
during development causes a variety of congenital disorders,
while aberrant activation of the pathway has been implicated in
many types of human cancers (Pasca di Magliano and Hebrok,
2003).
Hh acts as a morphogen in various systems, specifying cell
identities in initially homogenous ﬁelds of cells (Ingham et al.,
2011; Torroja et al., 2005). The experimental paradigm for the study
of morphogen gradient formation is the Drosophila wing imaginal
disc. This disc is a ﬂattened sac made of two layers of epithelial cells
called disc proper and peripodial membrane. The two layers are
separated by a lumen and the apical surfaces of the two epithelia face
the lumen. In each of these single-layered epithelia, two populations
of cells with different adhesion afﬁnities divide the ﬁeld into a
posterior (P) and an anterior (A) compartment (Garcia-Bellido et al.,ll rights reserved.
ro).
work.1973). The P compartment cells produce Hh, which moves across the
A/P compartment border, decreasing in concentration as it spreads
away from the border (Kornberg and Guha, 2007). We have recently
shown that although two pools of Hh (apical and basolateral) can
be visualized by immunostaining in the disc proper, Hh protein
directed to the apical membrane is internalized before its ﬁnal release
from the basolateral surface where the Hh gradient is formed
(Callejo et al., 2011).
The mature Hh protein is synthesized as a precursor molecule that
undergoes a series of post-translational modiﬁcations, leading to the
covalent attachment of cholesterol at its carboxyl-terminus and
palmitic acid at its amino-terminus (Mann and Beachy, 2004). The
hydrophobic nature of lipid-modiﬁed Hh signiﬁcantly affects the
shape and range of its activity gradient (Guerrero and Chiang,
2007). Thus, the process of release and spread of Hh is highly
regulated. We propose a balance between Hh retention and release
as a regulatory mechanism for Hh transport, given by interactions
between membrane anchored proteins and extracellular factors.
Among various extracellular matrix (ECM) components
required for Hh signaling, are the two Drosophila glypicans, Dally
(Division abnormally delayed) and Dally-like (Dlp) (Yan and Lin,
2009). A role for Dlp has already been proposed in Hh reception as
a co-receptor together with Patched (Ptc) (Desbordes and Sanson,
2003; Lum et al., 2003), and in secretion by interacting with
Dispatched (Disp) (Callejo et al., 2011). In contrast Dally appears
to regulate Hh levels in the secreting cells (Eugster et al., 2007).
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2012) but the role of the cleaved form still remains controversial (Han
et al., 2005). There is some evidence that functional Dally protein is
secreted from cells and can act at a distance, either actively regulating
Hh spreading (Takeo et al., 2005; Ayers et al., 2010) or passively
moving with Hh and stabilizing the interactions with its receptor
complex (Eugster et al., 2007).
Another ECM component, important for Hh signaling, is the
secreted factor Wif, product of the gene shifted (shf, also known as
Drosophila Wif (DmWif)). It has been proposed that Shf/DmWif
spreads through the ECM interacting with HSPGs (Glise et al., 2005;
Gorﬁnkiel et al., 2005; Sa´nchez-Herna´ndez et al., 2012; Avanesov et
al., 2012) and in the absence of shf, Hh gradient does not form.
Additionally, two transmembrane Ig-like and FNNIII domain-
containing proteins, Ihog (Interference hedgehog) and Boi
(Brother of Ihog), have been shown to affect Hh levels (Callejo
et al., 2011; Yan et al., 2010). These proteins have been initially
described as Hh co-receptors in ﬂies and vertebrates (Lum et al.,
2003; Okada et al., 2006; Tenzen et al., 2006; Williams et al.,
2010; Yan et al., 2010; Yao et al., 2006; Zhang et al., 2006; Zheng
et al., 2010) and are required to maintain extracellular Hh levels
in the wing imaginal disc (Yan et al., 2006; Callejo et al., 2011).
Furthermore, Ihog is part of ﬁlopodia-like structures or cyto-
nemes (Callejo et al., 2011).
Our previous analysis of the function of Disp and the glypican Dlp
in Hh release in the wing imaginal disc epithelium indicates that
although Hh is initially externalized through all plasma membranes,
the apical Hh pool is recycled to basolateral plasma membranes
where the long-range Hh gradient is formed (Callejo et al., 2011).
To conﬁrm this hypothesis, the present work is a comprehensive
analysis of the genetic and molecular interactions of Dally, Ihog, Boi
and Shf/DmWif and their cooperative roles in release, extracellular
levels and reception of the Hh morphogen. We ﬁnd speciﬁc functions
of Dally and Boi, both for apical Hh concentration as they suppress
spreading of Hh to the A compartment, and for Hh recycling from the
apical to basolateral plasma membrane before its ﬁnal release. In
addition, the secreted factor Shf/DmWif counteracts the effect of
Dally, Boi and Ihog in Hh attachment by facilitating its movement to
form the basolateral morphogenetic gradient. We propose that the
interplay of all these components creates an environment supporting
Hh transport, most likely along cellular extensions also called
cytonemes (Ramirez-Weber and Kornberg, 1999), eventually to shape
a proper gradient. These results reinforce our previous observations of
Hh recycling in the producing cells and favor the hypothesis of a
basolateral long-range Hh gradient.Material and methods
Fly mutants
A description of the mutations, insertions and transgenes in
the Fly Base is available at http://ﬂybase.org/. Gal80ts, boiEP1385,
FLP122 (Bloomington Stock Center, Indiana, USA; http://ﬂystocks.
bio.indiana.edu), deﬁciencies of boi and ihogZ23 (Zheng et al.,
2010), the temperature-sensitive shits1 (Grigliatti et al., 1973),
shf2, shfEY (Gorﬁnkiel et al., 2005), dally32 (Franch-Marro et al.,
2005), and Dally and Viking trap lines (http://www.ﬂyprot.org/
gene_search.php) were used in this work. jaft477 allele (Collins
and Cohen, 2005) is a mutant in the sulfateless (sﬂ) gene.
Overexpression experiments and generation of clones
The Gal4 drivers were: ptcGal4 (Hinz et al., 1994), hhGal4
(Tanimoto et al., 2000), ab1Gal4 (Munro and Freeman, 2000), apGal4
(Calleja et al., 1996).The pUAS-transgenes were: UAS-HhGFP (Torroja et al., 2004),
UAS-DallyGFP (Eugster et al., 2007), UAS-DallySec (Takeo et al.,
2005), UAS-DallyFlag (Franch-Marro et al., 2005), UAS-Ihog (Zheng
et al., 2010), UAS-ShiDN (ShiK44A) (Moline et al., 1999), UAS-ShfGFP
(Gorﬁnkiel et al., 2005), UAS-ShfV5 (Glise et al., 2005), UAS-Boi
(Zheng et al., 2010), UAS-IhogYFP and UAS-IhogRFP lines (Callejo
et al., 2011). For the UAS-BoiYFP and UAS-IhogCFP, Boi and Ihog
cDNAs were cloned in the entry vector pENTR/D-TOPO (INVITRO-
GEN Gateway system) and introduced by recombination in the
destination vectors pTWV (pUAST-VenusYFP) and pTWC (pUAST-
CFP), respectively. All of these UAS-Ihog and UAS-Boi fusion proteins
behave as the UAS-Ihog and UAS-Boi (Zheng et al., 2010). UAS-RNAi
against Dally, Ihog and Boi were from the IMP Vienna Drosophila
RNAi Center (VDRC; http://stockcenter.vdrc.at). Transient expression
of the UAS-constructs using Gal4 drivers; tub-Gal80ts was achieved
by maintaining the ﬂy crosses at 18 1C and inactivation of Gal80ts at
the restrictive temperature (29 1C) before dissection.
Larval genotypes used for generating mosaic clones Mutant clones
Clones were generated by FLP-mediated mitotic recombina-
tion. Larvae of the corresponding genotype were incubated at
37 1C for 1 h, 24–48 h after egg laying (Hochman et al.) or for
45 min 48–72 h AEL. The genotypes of the ﬂies for clone
induction were:
y,w,boi, hs FLP122; ihogZ23, FRT40A/M(2) arm-LacZ, FRT40A
y,w,FLP; dally32 FRT80B/ubiGFP, FRT80B
y,w,FLP tubGal4, UAS-GFP; UAS-HhGFP/þ; dally32,
FRT80B/tubGal80, FRT80B
y,w,FLP tubGal4, UAS-GFP; UAS-Shf/þ; dally32, FRT80B/
tubGal80, FRT80B Flip-Out ectopic clones:
The transgenes actin4CD24Gal4 (Pignoni and Zipursky,
1997) and ubx4 fþ4Gal4, UAS-ßgal (de Celis et al., 1998)
were used to generate ectopic expression of the UAS lines.
Larvae of the corresponding genotypes were incubated at 37 1C
for 15 min to induce HS-FLP mediated recombinant clones.
Immunostaining of imaginal discs
Immunostaining was performed according to standard protocols
(Capdevila and Guerrero, 1994). Antibodies were used at the
following dilutions: rat monoclonal anti-Ci antibody (Motzny and
Holmgren, 1995)—1:5; rabbit polyclonal anti-Hh (Eugster et al.,
2007; Takei et al., 2004)—1:800 or 1:500; rat anti-Ihog antibody
(Yao et al., 2006)—1:100; mouse monoclonal anti-Ptc (Apa 1.3)
(Capdevila and Guerrero, 1994)—1:30; mouse polyclonal anti-
Boi—1:30; mouse monoclonal anti-Dlp (Lum et al., 2003)—1:30;
rat polyclonal anti-DmWif (Glise et al., 2005)—1:1000; mouse
monoclonal anti-V5 (INVITROGEN)—1:150; rabbit polyclonal anti-
ß-gal (from Jackson laboratories)—1:1000; rabbit polyclonal anti-
GFP antibody (Molecular Probes, A-6455)—1:500. Laser scanning
confocal microscopes LSM 510 META and Confocal LSM510 Vertical
Zeiss were used for confocal ﬂuorescence imaging. Image J software
was used for image processing and for determining ﬂuorescence
levels.
Immunoprecipitation studies and western blot analysis
Protein extracts from third-instar larvae salivary glands of
ab1Gal44UAS-IhogYFP;ShfV5, ab1Gal44UAS-BoiYFP;ShfV5 and
ab1Gal44UAS-DallyMyc;ShfV5 genotypes were prepared in lysis
buffer containing protease inhibitors. Lysates were incubated
with rabbit anti-V5 antibody 1:50 (Abcam) and with 7 mg of the
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at 4 1C. Samples were resolved by SDS/PAGE, immunoblotted, and
incubated with pre-absorbed mouse anti-GFPmonoclonal antibody
1:1000 (INVITROGEN) or mouse anti-myc monoclonal antibody
1:1000 (Sigma). Horseradish peroxidase-conjugated secondary
antibodies were used to develop the signal, using the ECL Western
Blotting Analysis System (Amersham Pharmacia). In the experi-
ment presented in Fig. 8B the IP control was performed using
extracts from salivary glands overexpressing only DallyMyc to
verify that DallyMyc immunoprecipitate speciﬁcally, whereas in
the experiment presented in Fig. 4E IP control was carried out with
the same lysates as the IP but lacking anti-V5.
Generation of anti-Boi antibody
cDNA fragment encoding the Boi C-terminal tail (intracellular
fragment: 752 to 998 aa) was cloned into pGST (pGEX-6P-1)
vector. The Boi-GST fusion protein was puriﬁed by GST-afﬁnity
and used to immunize mice. The speciﬁcities of the anti-Boi
antisera were conﬁrmed by examining the speciﬁc staining
patterns by ectopic expression of UAS-Boi and UAS-BoiRNAi in
the dorsal compartment of the disc using apGal4 driver. The
ventral compartment is used as a control for the normal staining
of the anti-Boi antibody and the dorsal compartment shows the
increase or absence of staining when either UAS-Boi and or UAS-
BoiRNAi are expressed (Fig. S1E and F).Results
Ihog and Boi are part of cytonemes and retain Hh in Hh producing
and receiving cells
It has been reported that Ihog and Boi are partially redundant
for Hh reception (Zheng et al., 2010) and for the normal extra-
cellular Hh levels in producing cells (Yan et al., 2010). Here, we
show, using a speciﬁc anti-Boi antibody, that Boi, like Ihog (Zheng
et al., 2010), is expressed in a rather uniform pattern in the wing
disc with a slight decrease at the A/P border, in contrast to Ihog,
whose levels are higher in the apical membranes (Fig. S1d). Ihog
localizes mainly to basolateral plasma membranes (Zheng et al.,
2010), and marks cellular extensions or cytonemes (Callejo et al.,
2011) (IhogYFP visualized in vivo in Fig. 1B,b, or in ﬁxed tissues in
Fig. 1B0) which have been proposed to act in morphogen distribu-
tion (Ramirez-Weber and Kornberg, 1999). Double labeling for
Ihog RFP and a marker of the basal lamina VikingGFP (collagen
type IV) evidences that Ihog is more represented basolaterally and
that long Ihog cytonemes are formed in the most basal part of the
epithelium (Fig. 1A–a00). Ectopic BoiYFP also marks membranes,
cytonemes and vesicle-like structures but in contrast to IhogYFP,
is more represented in apical plasma membranes (Fig. S1d).
Furthermore, Boi-labeled lateral cytonemes are signiﬁcantly
shorter in length (5–10 mm) than the Ihog-marked basal cyto-
nemes (10–30 mm) (Fig. 1C0). Interestingly ectopic co-expression
of IhogCFP and BoiYFP results in co-localization to both the apical
and basolateral membranes and along basolateral cytonemes
(Fig. 1D–E00). Their colocalization could suggest that ectopic Ihog
can interact with and recruit Boi. Alternatively, it could also
suggest that Ihog but not Boi stabilizes cytonemes and this
stabilization allows the visualization of Boi in long processes.
Finally, both Ihog and Boi cytonemes are oriented perpendicularly
to the A/P compartment border when using either A or P
compartment drivers (Fig. 1B0 and C0, see also Fig. 2D and E).
To analyze the function of Ihog and Boi in the P compartment,
we looked at the Hh levels in both over-expression and lack of
function conditions. First, ectopic clones of either IhogYFP (Callejoet al., 2011; Yan et al., 2010) (Fig. 2B–B00 0) or BoiYFP (Fig. 2C–C00 0)
increased levels of Hh in the clone. The effect of IhogYFP expres-
sion is mostly evident at basolateral cell membranes (Fig. 2B00 and
B00 0) and in basal cytonemes, whereas ectopic BoiYFP affects both
apical and basolateral Hh levels (Fig. 2C0 and C00). Conversely, Hh
levels in basolateral membranes decrease in boi /; ihog / null
clones (Yan et al., 2010) (and Fig. 3A–A00 0); as well as when
expressing IhogRNAi (Fig. 3B–B00 0). Intriguingly, despite the reduced
levels of Hh in the basolateral membranes large boi /; ihog /
clones had only a slight effect on the amount of Hh that reached
the A compartment (Fig. 3A00). Large boi /; ihog / clones in the
P compartment cells did not seem to affect Hh reception, as it has
been recently proposed (Zheng et al., 2010). Paradoxically, a
knock down of these proteins in the whole P compartment results
in an ectopic activation of the Hh targets, Ptc, Ci and Dpp, in the A
compartment (Fig. 3D compared with the wild type expression of
Ptc, Ci and Dpp in Fig. 3C). This result suggests that Boi and Ihog
function in the P compartment to control Hh dispersion.
Supporting a possible Boi and Ihog function in controlling Hh
spreading, we expressed Ihog or Boi together with ectopic Hh in
the P compartment, which has been previously described to cause
an extension of the gradient (Torroja et al., 2004) (Suppl. Fig. S2C–
C00 and Table S1). In contrast, the Hh gradient appeared normal
after co-expression of HhGFP with BoiYFP or IhogCFP. Moreover,
over-expression of Ihog or Boi in the P compartment results in a
narrowing of the target gene expression domain (Yan et al., 2010)
(Fig. S2A–B0 and Table S1).
To test a possible effect on Hh sequestration/stabilization by
Ihog and Boi also in A compartment cells, we expressed Ihog or
Boi at the A/P border using a ptcGal4 driver. In these conditions,
Hh was clearly detected in Ihog/Boi-labeled cytonemes emanating
from A compartment cells towards the P compartment crossing
the A/P border and depleting Hh from the P cells (Fig. 2D00 and E00
and comparing with Fig. 2A00 for Hh wild type localization at the
basal part of the wing disc). Therefore, Ihog and Boi in cytonemes
from A cells have indeed the capacity to ‘‘capture’’ Hh.
Altogether, we can conclude that Boi and Ihog mark cytonemes
in both A and P compartments. Furthermore, we propose a
requirement of Boi and Ihog function on Hh sequestration/
stabilization in both A and P compartments.
Basolateral release of Hh depends on Shf/DmWif-Ihog interactions
It has been previously demonstrated that Drosophila Wif
protein, the product of the shf gene, is an extracellular protein
needed to establish Hh levels in the ECM and for Hh movement. In
the absence of Shf/DmWif, extracellular Hh levels are reduced and
Hh signals only to the ﬁrst row of A compartment cells (Glise
et al., 2005; Gorﬁnkiel et al., 2005; Sa´nchez-Herna´ndez et al.,
2012; Avanesov et al., 2012). Shf/DmWif is a secreted protein (Fig.
S3A and B) present throughout the wing primordium. However,
there are higher levels of Shf/DmWif in the anterior-most part of
the A compartment, lower levels near the A/P border and high,
uniform levels in the P compartment due to its interaction with
Hh (Fig. 4A), Glise et al., 2005). We also found most Shf/DmWif
protein localized to the basolateral domain (Fig. 4A,A0 and a).
Because Shf/DmWif and Ihog are both required for normal Hh
levels (Glise et al., 2005; Gorﬁnkiel et al., 2005; Yan et al., 2010;
Callejo et al., 2011; Avanesov et al., 2012; Sa´nchez-Herna´ndez et al.,
2012) and because both localize mainly at the basolateral part of the
epithelium, we asked whether these proteins interact. As shown in
Fig. 4E, Shf/DmWif and Ihog can be co-immunoprecipitated. We also
observed that in A or P cells when Ihog levels are diminished by
expression of IhogRNAi in the dorsal compartment (see ventral
compartment of the same wing disc for internal control Fig. 4B
and B0), Shf/DmWif levels decrease mainly basolaterally. In contrast,
Fig. 1. Ihog and Boi are associated to cytonemes. (A)–(A00) IhogRFP and VikingGFP distribution in a basal confocal section of a TubGal80ts; hhGal44UAS-
IhogRFP4VkgGFP wing disc after 24 h of induction. (a), (a0) and (a00) Transversal sections of insets in (A),(A0) and (A00), respectively. (B)–(B00)) Basal ((B)–(B0)) and lateral
(B00) confocal sections of an in vivo ((B), inset in (b)) or ﬁxed ((B0), (B00)) Tub-Gal80ts; hhGal44UAS-IhogYFP wing disc after 24 h of expression induction. (C), (C0) Basal
(C) and lateral (C0) confocal sections of a Tub-Gal80ts; hhGal44UAS-BoiYFP wing disc after 24 h of expression induction. (D)–(E00)) Tub-Gal80ts; hhGal44UAS-IhogCFP;
UAS-BoiYFP wing disc after 24 h of expression induction.
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laterally where Shf/DmWif also marks cytonemes (Fig. 4C–D00 0).
Ectopic Boi expression also increased Shf/DmWif levels at the
basolateral part of the epithelium (Fig. 4F–F00 0). To further analyze
the interaction between Ihog and Shf/DmWif we expressed an UAS-
Ihog construct in a shf null (shfEY) background and saw that Ihog was
able to partially restore Hh levels suggesting that the two proteins
have a role in maintaining Hh levels at the plasma membrane of P
compartment cells (Fig. 4G and G0). Interestingly, this increase in Hh
levels did not rescue activation of Hh targets (compare Ptc expres-
sion in Fig. 4G00 and G00 0 with the wild type Ptc expression in Fig. 4H)
consistent with the idea that Shf/DmWif is needed for Hh move-
ment from the producing to the receiving cells.
Next, we tested whether Shf/DmWif can counteract the effect
of Ihog or Boi and facilitate Hh movement along cytonemes. We
coexpressed Hh, Ihog (or Boi) and Shf/DmWif in the P compart-
ment. As previously mentioned, expression of both Hh and Ihog
(or Boi) in P cells re-establishes the balance between Hh releasedue to ectopic Hh expression, (Fig. S2C–C00 and Table S1) and Hh
retention (due to ectopic Ihog or Boi) (Lum et al., 2003) (Fig. S2E–
F00 and Table S1). Interestingly, we observed that in the case of
simultaneous Hh, Ihog and Shf/DmWif overexpression the signal-
ing domain is increased (Fig. S2G and G0 and Table S1). Therefore,
the equilibrium between the opposing processes of excessive
retention and spreading is shifted towards spreading. Ectopic
Boi gives similar results although not as strong as ectopic Ihog
(Fig. S2H–H00 and Table S1). Additionally, supporting this opposite
effect on Hh spreading, in a shf / background, knocking down
Boi and Ihog in the P compartment does not increase Hh signaling
(Fig. 3E and compared with Fig. 3D).
In order to test again this interaction and the counter-
balancing effects of Ihog and Shf/DmWif we examined smo /
clones located in the A compartment. It has been reported that Hh
can cross a smo / clone abutting the A/P compartment border
and signal anterior to the clone (Chen and Struhl, 1996). This is
due to the fact that inside the clone there is no Ptc protein to
Fig. 2. Effect of ectopic Ihog and Boi on Hh levels. (A)–(A00)) Hh protein distribution in a wild type wing disc in apical (A), lateral (A0) and basal (A00) confocal sections. (B)–
(C00 0) Hh accumulation in a wing disc containing ectopic IhogYFP ((B)–(B00 0)) or BoiYFP ((C)–(C00 0)) clones (in green) induced for 20 h. The effect of Ihog on Hh concentration
is mostly visible at the basolateral side ((B00)—(B00 0)) while the effect of Boi is more prominent at the apical part of the epithelium (C0). (D)–(E00 0) Tub-Gal80ts; ptcGal44UAS-
IhogCFP or 4UAS-BoiYFP wing discs after 24 h of induction. Hh is clearly detected in the A compartment at the basal part of the disc ((D00), (E00)), but not in the apical part
((D00 0), (E00 0)).
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context, we observed that when Ihog was overexpressed in the P
compartment, Hh did not properly signal to wild type cells that
are anterior to smo / clones (Fig. 5B and B0). This indicates arestriction of Hh movement and thus an impediment to reaching
the wild type territory anterior to the clone. The location of the
A/P compartment border also depends on Hh signaling. Hh
reception anterior to a smo / clone reestablishes the A/P
Fig. 3. Boi and Ihog function in the P compartment. (A)–(A00 0)) Hh levels in a wing disc containing double boi / and ihog / clones using the ‘‘Minute’’ technique (the
lack of red). (B)–(B00 0) Hh expression levels in an apGal44UAS-IhogRNAi wing disc. Note that knocking down Ihog affects Hh levels at the basolateral ((H00),(H00 0) arrows) and
not at the apical (H0) side of the tissue. (C) Dpp, Ci and Ptc expression in a wild type wing imaginal disc. (D) Dpp, Ci and Ptc expression in a hhGal44UAS-BoiRNAi4UAS-
IhogRNAi wing disc. (E) Ci and Ptc expression pattern in a shf2; hhGAl44UAS-BoiRNAi4UAS-IhogRNAi wing disc is like in shf2 and not as in hhGAl44UAS-BoiRNAi4UAS-
IhogRNAi wing disc (compare with panel (D)).
A. Bilioni et al. / Developmental Biology 376 (2013) 198–212 203compartment border, pushing the clone to integrate into the P
compartment (Fig. 5A and A0) (Blair and Ralston, 1997; Rodriguez
and Basler 1997). Interestingly, a smo / clone overexpressing
Ihog in P cells does not integrate in the P compartment in the
usual way because Hh signaling in cells anterior to the clone is
very low and therefore the A/P compartment border is not well
reestablished (Fig. 5B and B0). However, when both Ihog and Shf/
DmWif are overexpressed in the P compartment, Hh can now
reach the wild type territory anterior to the smo / clone and
activate normally its targets, and therefore integrating smo /
clones into the P compartment (Fig. 5C and C0). Our results
strongly suggest that Ihog, Boi and Shf/DmWif interact in the P
compartment. Immunoprecipitation assays using Shf/DmWif as
bait also conﬁrmed these interactions (Fig. 4E). On the basis of all
the above data we propose that an equilibrium between Ihog, Boiand Shf/DmWif proteins at the basolateral part of the disc
epithelium is required for normal gradient formation.
Dally stabilizes Hh in the ECM and prevents apical release
It has been proposed that Dally is required for the extracellular
stability and long-range distribution of Hh (Ayers et al., 2010;
Eugster et al., 2007) controlling the apical accumulation of Hh in
the Hh-producing cells to shape the apical Hh gradient (Ayers
et al., 2010). However, our observation of Ihog and Boi interaction
with Shf/DmWif at the basolateral side of the wing epithelium is
consistent with the hypothesis of a basolateral formation of the
Hh gradient (Callejo et al., 2011). Thus, we decided to further
analyze the role of dally in maintaining Hh levels within the
context of a basolateral Hh gradient formation.
Fig. 4. Ihog, Boi and Shf/DmWif interaction. (A)–(a) Shf/DmWif expression pattern in a wild type wing disc. (B)–(B0) Shf/DmWif protein distribution in an apGal44UAS-
IhogRNAi wing disc. Shf/DmWif levels are strongly reduced by knocking down Ihog in the dorsal compartment (B0). (C)–(D00) TubGal80ts; apGal44UAS-IhogYFP wing disc
after 24 h of induction. Ectopic Ihog causes an upregulation of Shf/DmWif in the dorsal compartment and mainly at the basolateral part of the epithelium ((C00), (C00 0). Shf/
DmWif and Ihog colocalize in basal cytonemes ((D0), (D00)). (E) Immunoprecipitation (IP) of Shf/DmWif-V5 and IhogYFP, and Shf/DmWif-V5 and BoiYFP, using V5 as bait and
revealed with anti-GFP antibody (arrow). (F)–(F00 0) Wing disc expressing BoiYFP ectopic clones (in green). Note that overexpression of Boi increases Shf/DmWif levels at the
basolateral side of disc ((F00)—(F00 0)). (G)–(G00 0)) shfEY; apGal44UAS-IhogYFP wing disc. Ectopic Ihog in a shf null (shfEY) background partially restores Hh levels (G0) but is
unable to restore Hh targets activation (G00 0). (H) Ptc expression in a wild type wing disc. In all cases using apGal4 driver the ventral compartment serves as an internal
control.
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(D/V) compartment borders and uniform in the notum (Fig. 6A),
(Fujise et al., 2001). A YFP insertion in dally coding region shows a
similar expression pattern and most likely reproduces Dally
protein distribution in the wing disc (Fig. 6A0). It has been shown
previously that dally mutant discs present impaired long-range
target activation (Ayers et al., 2010; Eugster et al., 2007). Here, weinvestigate if this Dally requirement for Hh long-range activity
could be due to an autonomous effect of Dally either in the
receiving or in the producing cells or in both.
To investigate the role of Dally in Hh receiving cells, we
generated dally LOF clones that express Hh ectopically (using
the MARCM technique) (Lee and Luo, 2001). In this experiment
we observed that Ptc is activated within dally /; UAS-Hh cells
Fig. 5. Shf/DmWif counteracts the effect of Ihog on Hh release. (A)–(A0) Hh and Ptc expression in a wing disc containing a smo / clone in the A compartment abutting
the A/P compartment border (lack of green). (B)–(B0) Ptc expression in a wing disc overexpressing Ihog in the P compartment and containing a smo / clone in a similar
position as the clone in A. As depicted in the drawing (B0), overexpression of Ihog impedes Hh movement through a smo / clone to reach the wild type territory in the A
compartment, demonstrated by the low activation of Ptc (B). (C)–(C0) Ptc expression in a wing disc overexpressing Ihog and Shf/DmWif in the P compartment and
containing a smo / clone in a similar position as the clone in A and B. Note that the overexpression of both Ihog and Shf/DmWif rescues the normal (depicted in the
drawing (C0)) Hh spreading and signaling (C).
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probably because of ectopic Engrailed (En) which is upregulated
by the Hh pathway (Tabata et al., 1992). As Hh reception is not
affected in dally-/- cells that express Hh ectopically, we can
suggest that the role of Dally in reception (Ayers et al., 2012)
could be just to concentrate Hh in the ECM.
Supporting the above hypothesis, Hh levels in dally / (dally32)
clones are lower than in the surrounding wild type cells, (Eugster
et al., 2007) (Fig. 6C and C0 arrows). This effect on Hh levels is also
observed in dally / mutant clones that abut the A/P compartment
border (Fig. 6D and D0 arrows) and in dorsal compartment cells that
express UAS-DallyRNAi (Fig. 6E–e00). In the same UAS-DallyRNAi/
apGal4 background, activation of Hh targets is reduced (Fig. 6F and
F0 and Table S1). This effect indicates that dally is then required for
maintaining Hh levels in the ECM of the receiving cells (Fig. 6D and
D0 arrows). Indeed, ectopic expression of Dally in the A compartment
using the ptcGal4 driver increases the levels of the Hh targets
(Fig. 6G–G00 and Table S1). Meanwhile, expression of DallyRNAi using
the same ptcGal4 driver decreases the levels of the Hh targets (data
not shown and Ayers et al., 2012).
On the other hand, in the P compartment cells, as previously
described (Ayers et al., 2010), overexpression of Dally enhances
apical levels of Hh. Interestingly, this increase is accompanied by
a simultaneous decrease in the most basal part of the disc
(Fig. 6H–h0), indicating that the apical maintenance of Hh prob-
ably limits the recycling of Hh to the basolateral membrane.
In contrast to a previous report (Ayers et al., 2010), we ﬁndthat overexpression of Dally under the hhGal4 driver reduces
signaling across the A/P border probably as a consequence of
reduced Hh levels in the basal domain of the P compartment
(Fig. 6I–I00 and Table S1). This effect on the Hh gradient is similar
to the result of overexpressing either Boi or Ihog in the P
compartment (Fig. S2E–F0). The most plausible explanation is that
the enhanced attachment of Hh to the plasma membrane restricts
its release from producing cells.
In support of this hypothesis, Dally expression in the P
compartment causes a reduction of the Hh gradient while co-
expression of both, Dally and Shf/DmWif rescues this effect (Fig.
S4A–C, and Table S1). These results indicate that Dally as Ihog and
Boi has a role in Hh membrane-attachment, thus, overexpression
of Dally in the A compartment enhances Hh signaling, while in
the P compartment restricts the release of Hh from the
producing cells.
To further probe the role of Dally in Hh gradient-formation, we
made use of a temperature sensitive Dynamin mutant (shits1).
Loss of shi function blocks separation of endocytic vesicles from
the parental membranes (van der Bliek, 1999), accumulating Hh
and allowing us to monitor the side of the disc epithelium where
Hh is internalized. We have previously described that in shits1
discs Hh accumulates in the apical plasma membrane in
Hh producing and receiving cells touching the A/P
border (Fig. 7A–A00) but also accumulates basolaterally in the A
compartment in a stripe of 5 to 10 cells that corresponds to the
domain of the Hh gradient (Fig. 7A0–A00, see Fig. 2A–A00 for wild
Fig. 6. Dally is required for maintaining extracellular Hh levels. (A)–(A0) Wild type Dally expression pattern in a wing disc using either DallyLacZ (A) or DallyTrapYFP
(A0) lines. (B)–(B00)) Wing disc containing a MARCM dally32 4UAS-HhGFP clone. (C)–(D0)) Hh expression in a wing disc containing dally / mutant clones. Observe the
autonomous decrease in Hh levels inside the clone (arrows). (E)–(F0)) Hh expression in an apGal44UAS-DallyRNAi wing disc in a basolateral ((E0), (e0)) and apical ((E00), (e00))
section. Note that the activation of the Hh target Ptc is reduced in the dorsal compartment ((F0)). (G)–(G00) Ectopic UAS-Dally in anterior cells using the ptcGal4 driver. Note
the increase in the expression pattern of the Hh target genes Ptc (G0) and Ci (G00). (H)–(H0)) apical ((H), (h)) and basal view ((H0), (h0)) of Hh expression in an apGal44UAS-
Dally wing disc (G). (I)–(I00)) Reduction of Ptc (I0) and Ci (I00) expression in a hhGal44UAS-DallyGFP wing disc. Quantiﬁcation analyses of protein levels in (e0), (e00) and in
(h0), (h00) were done using 10 discs for each genotype. In all cases using apGal4 driver the ventral compartment serves as an internal control.
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the apically externalized Hh does not form a gradient in the A
compartment (Callejo et al., 2011). Using shits1 background we
then examined the accumulation of Hh on the epithelial surfaces
of the disc caused by an overexpression of Dally or a secretable
form of Dally (DallySec lacking the GPI anchor) (Takeo et al.,
2005). In hhG Gal4 l44UAS-Dally discs, in a shits1 background, we
observe an increase in the apical accumulation of Hh in P
compartment cells (arrow in Fig. 7B), but not in the A compart-
ment where basolateral levels are reduced. Thus overexpression
of Dally increases the apical pool of Hh in P cells but does not
extend the Hh gradient (Fig. 7B–B00).
On the other hand the expression of DallySec in the P compart-
ment has been reported to increase the range of Hh signaling (Takeo
et al., 2005; Ayers et al., 2010). Interestingly, we also observed that
DallySec expression in the P compartment causes apically externa-
lized Hh to spread towards the A compartment, a process, which
normally would not occur (arrow in Fig. 7C). In this condition, the
increment in apical release will restrict the basolateral release of Hh
(Fig. 7C and C0), as less Hh would be recycled in the P compartment.
We can detect this contraction of the basolateral Hh gradient whenexpressing DallySec just in the dorsal compartment (apGal4 driver)
and using the ventral compartment as an internal control (Fig. 7D–
D00). Furthermore, in agreement with the above, Hh low threshold
targets, such as Ci levels, are increased, whereas the expression of
targets that respond to high Hh levels, such as Ptc, decreases (Fig. 7C0
and D) (Ayers et al., 2010; Takeo et al., 2005). Altogether, we can
conclude that one of the Dally functions in the P compartment is to
avoid the apical spreading of Hh.
Dally stabilizes Shf/DmWif and interacts with Ihog and Boi
contributing to Hh recycling
Interestingly, comparison of Dally and Shf/DmWif protein distri-
bution in the wing disc shows colocalization (Fig. 8A and a). In
addition, the Shf/DmWif protein is destabilized in ttv clones (Glise
et al., 2005) and sulfateless (sﬂ) mutant clones (Fig. S3C). Both ttv and
sﬂ are required for the biosynthesis of the HS GAG chains of glypicans;
therefore, if Shf/DmWif interacts with glypicans, such interactions
require intact HS GAG chains. Moreover, we observed that Shf/DmWif
levels decrease in dally / clones, both in the P and A compartments
(see arrows in Fig. 8C–D0). Accordingly, ectopic Dally increases Shf/
Fig. 7. Visualizing of the Hh gradient under Dally mutant conditions after freezing of the internalization. (A) Hh protein redistribution in a shits1 wing disc in an apical
(A), lateral (A0) and basal (A00) confocal sections. (B)–(B00) Hh expression in a shits1; hhGal44UAS-Dally wing disc. (C0),(C00) Hh, Ptc and Ci expression in a shits1;
hhGal44UAS-DallySec wing disc after internalization freezing for 2 h in the apical (C), lateral (C0) and basolateral (C00) confocal sections. (D)–(D00) Hh protein distribution in
a shits1; apGal44UAS-DallySec wing disc in the apical (D) lateral (D0) and basal (D00) confocal section. Red brackets show the extension of the Hh gradient. Note also the
activation of Ci in the whole A compartment (blue in (D)) due to the apical accumulation of Hh. shits1was inactivated by 2 h at the restrictive temperature.
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and E0) (Avanesov et al., 2012). In this context, even though
LOF of Dally affects Hh protein levels in a similar manner (Ayers
et al., 2010; Eugster et al., 2007) (Fig. 8C0), Hh is not present in the A
compartment and thus cannot be the sole factor in the effect of Dally
on Shf/DmWif. This genetic interaction is also supported by a
molecular interaction between DallyMyc and ShfV5, demonstrated
in IP assays (Fig. 8B).
However, the effect of Dally on keeping extracellular Hh levels
cannot be rescued by ectopic Shf/DmWif, as illustrated by a decrease
in Hh levels seen in MARCM dally32: UAS-Shf clones (arrow in Fig. 8F
and F0), indicating that Dally-Hh interaction may be independent of
Shf/DmWif. Furthermore, ectopic Dally in a shf mutant background
still causes apical Hh accumulation (Fig. 8G and G0). Signiﬁcantly, in
this mutant background, Hh signaling is still reduced (Fig. 8G–G00 0),
indicating that ectopic Dally can only extend the range of signaling in
the presence of Shf/DmWif. In contrast, ectopic Ihog can rescue theeffect of Dally on both Hh and Shf/DmWif levels as illustrated by an
increase in Hh and Shf/DmWif levels seen in MARCM dally32; UAS-
Ihog clones or in apGal44UAS-DallyRNAi4UAS-IhogYFP (arrow in
Fig. S5A and B). This result demonstrates a Dally-independent
interaction of Shf/DmWif and Hh with Ihog.
Since Dally interacts with Shf/DmWif, and Shf/DmWif, in turn,
also interacts with Ihog and Boi, we examined the possibility of a
direct interaction between Dally and Ihog or Boi. Using a DallyYFP
trap line as a reporter of the endogenous Dally expression, we
observed that the ectopic expression of Ihog increases the levels
of endogenous Dally at the basolateral plasma membrane
(Fig. 9A–A00) and even recruiting Dally to basal cytonemes
(Fig. 9B–B00). Conversely, ectopic Boi expression upregulates the
endogenous levels of Dally mainly apically but also basolaterally
(Fig. 9C–C00). This strong interaction between Boi and Dally
correlates with a role of Boi and Dally in the apical concentration
of Hh in the P compartment cells (Figs. 2C0 and 6H).
Fig. 8. Dally stabilizes Shf/DmWif in the wing disc. (A),(a) Expression of Dally (green) and Shf/DmWif (red) in a wild type disc. (a) Enlargement of the same disc to show
the colocalization of Shf/DmWif and Dally. (B) Immunoprecipitation of Shf/DmWif and Dally using an anti-V5 antibody to pull down Shf-V5, developed with anti-Myc
antibody to recognize the DallyMyc protein. Blue and Yellow arrows correspond to Shf/DmWif and dally, respectively. (C)–(D0) Expression of Shf/DmWif (red) ((C0),(D0)) in
wing discs containing dally32 null clones (lack of green) in the P compartment ((C),(C0), arrow) or in the A compartment ((D),(D0),arrow). (E)–(E0) Expression of the
endogenous Shf/DmWif (red in (E) and grey in (E0) in a wing disc containing UAS-DallyMyc ectopic clones (green). (F),(F0) Hh and Shf/DmWif expression in a wing disc
containing MARCM clones of dally32 and expressing UAS-Shf/DmWif in the same cells (arrow in (F0)). (G)–(G00 0) Endogenous Ci (green in (G) and Hh (blue in (G) and Grey in
(G0) and (G00)) expression in the apical (G0) and basolateral section (G00) in a shf2; apGal44UAS-DallyMyc wing disc. Note Dally accumulation in the most apical section (G0).
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compartment cells and recycles to the basolateral membranes of the
wing disc epithelium (Callejo et al., 2011), we propose that Boi and
Dally prevent apical Hh spreading towards the A compartment and
facilitate Hh recycling from the apical to the basolateral side of the
disc epithelium. To investigate this last possibility, we ‘froze’ inter-
nalization by expressing a ShiDN form in the dorsal compartment. In
support of our hypothesis, we observed that in P compartment cells,
not only Hh but also Boi and Dally accumulate apically when
endocytosis is blocked (arrow in Fig. 9D–D00 0). Interestingly, only very
small amounts of Ihog accumulate apically when endocytosis is
blocked (arrow in Fig. 9E–E00), supporting a main role of Boi (but
not of Ihog) to facilitate Hh recycling from the apical to the basolateral
side of the disc epithelium.Discussion
Here, we have approached the functional interaction of the
ECM components Shf/DmWif and Dally, and of the Hh coreceptorsIhog and Boi in Hh release and/or spreading to form a gradient.
We describe two major ﬁndings: one is an unpredicted role of
Dally and Boi in the apical retention and subsequent internaliza-
tion of Hh in producing cells, and the other is the interaction of
Dally and Ihog/Boi with Shf/DmWif, facilitating Hh movement in
the basolateral part of the disc epithelium. Interactions between
these components allow retention at the apical plasma mem-
branes of producing cells necessary to prevent apical Hh spread-
ing and to facilitate subsequent recycling to the basolateral side,
as well as Hh release and movement in this side of the epithelium.
Function of Dally and Boi in the apical Hh retention in P
compartment cells
Apical Hh levels in the Hh producing cells are affected in both
dally and boi (but not in ihog) null mutant conditions. Moreover,
ectopic Dally (Ayers et al., 2010) or Boi (but not Ihog) cause an
increase in Hh retention at the apical plane of the disc. Accordingly,
Dally and Boi have an Ihog-independent function in maintaining
Hh concentration at the apical part of the disc epithelium. As we
Fig. 9. Dally, Ihog and Boi interaction in Hh apical internalization. (A)–(A00)) apGal44UAS-Ihog; TubGal80ts wing disc. (B)-(B00) ptcGal44UAS-Ihog; TubGal80ts.
Endogenous Dally, visualized using a Dally TrapYFP line, colocalizes with Ihog in ﬁlopodial structures ((B0), (B00)). (C)–(C00) apGal44UAS-Boi;Tub Gal80ts wing disc and
stained for Dally (C0) and Dlp protein (C00). (D)–(D00 0) apGal44UAS-ShiDN; TubGal80ts wing disc after 13 h at the restrictive temperature showing the accumulation of
endogenous Dally (D0), Boi (D00) and Hh (D00 0) in the apical part of the plasma membrane. (E)–(E00 00) apGal44UAS-ShiDN; TubGal80ts wing disc after 13 h at the restrictive
temperature showing the accumulation of endogenous Ihog (E0) and Ptc (E00) in the apical part of the plasma membrane. In all cases the ventral compartment is used as an
internal control.
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form a gradient (Callejo et al., 2011); thus, this might be accounted
as a mechanism preventing the spread of apically externalized Hh.
In agreement with an Ihog-independent role of Boi in apical Hh
retention, a recently published study demonstrates that Boi is
expressed in apical cells of the ovary and suppresses follicular stem
cells (FSC) proliferation by binding to and sequestering Hh on the
apical cell surface, thereby inhibiting Hh long-range distribution
(Hartman et al., 2010).
In addition, we have observed that the apically externalized
Hh is subsequently internalized and recycled to the basolateral
membranes of the wing disc epithelium (Callejo et al., 2011). In
strong support of this Hh recycling scheme, we show that over-
expression of Dally in the P compartment enhances Hh apical
retention, decreasing Hh levels in the most basal side and
reducing Hh target activation in the A compartment. Therefore,
it is likely that Dally and Boi not only prevent apical Hh spreading
but also mediate the apical Hh internalization in the Hh produ-
cing cells. Our observation that Hh, Dally and Boi accumulate inthe apical surface when internalization is blocked by a dynamin
mutation reinforces this possibility.
The increment of apical spreading of Hh in the A compartment
cells (Ayers et al., 2010) caused by overexpression of a secretable
form of Dally (Takeo et al., 2005) in the P compartment also
supports Dally’s function in Hh apical retention in the P compart-
ment cells. Given that the enhanced apical spreading of Hh
correlates with a reduced basolateral Hh gradient we propose
that in normal conditions recycling of the apical Hh pool results in
the formation of a basolateral Hh gradient. In contrast, Ayers
et al., 2010, propose that the hydrolase, Notum, is implicated in
the release of Dally (Ayers et al., 2010) and interpret the abnormal
increase in the apical spreading of Hh in the A compartment cells
by overexpression of a DallySec as a direct evidence of a long-
range apical Hh gradient. However, notum mutants show a Wg
(not a Hh) signaling phenotype (Giraldez et al., 2002), which
argues against this hypothesis. Furthermore, the cell-autonomous
requirement of wild type Dally for keeping Hh in the ECM
(Fig. 6C–D0, E–E00, H) (Lin, 2004), and suggests that Dally may
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we do not observe non-autonomous effects of Dally on Shf/DmWif
stability, which implies that Dally remains membrane-anchored.
In conclusion, our data show that Dally has a cell-autonomous
role in Hh attachment to the ECM, with a double purpose: in the
producing cells Dally facilitates Hh retention necessary to prevent
Hh spreading, and in receiving cells it supports Hh presentation to
the receptor. An autonomous Dally requirement for Hh signaling
has been recently proposed (Ayers et al., 2012). This cell-
autonomous requirement for Dally in maintaining extracellular
Hh concentration is in agreement with the previously described
role of Dally in Wg and Dpp signaling (Belenkaya et al., 2004;
Franch-Marro et al., 2005; Fujise et al., 2003; Han et al., 2005;
Jackson et al., 1997; Kreuger et al., 2004; Lin and Perrimon, 1999;
Tsuda et al., 1999).
Dally, Boi, Ihog and Shf/DmWif interaction is necessary for both
maintenance of extracellular Hh levels and Hh movement
It has been suggested that Shf/DmWif mediates the function of
the HSPGs in Hh stability in the ECM (Glise et al., 2005; Gorﬁnkiel
et al., 2005). Here, we ﬁnd that Shf/DmWif stabilization also
depends on Dally, Ihog and Boi because Shf/DmWif levels vary
accordingly in both loss and gain of function of these genes. In
these mutants, Shf/DmWif levels are reduced at the basolateral
side of the disc epithelium and, as a consequence, Hh levels also
decrease. Thus, Dally together with Shf/DmWif, Boi and Ihog is
implicated in Hh stability in the ECM. On the other hand, despite
an increment in Hh levels when overexpressing Dally in a shf
mutant background, the target expression remains severely
impaired. Thus, an excess of Dally or Ihog/Boi can offset the effects
of Shf/DmWif mutation in terms of Hh concentration but not in
terms of Hh movement. Taken together, these results lead us to the
conclusion that Shf/DmWif is an ECM factor that counteracts the
impact of Dally and Ihog/Boi on Hh attachment to the membranes.
Interestingly, ectopic expression of Ihog, Boi or Dally stabilizes Shf/
DmWif mainly in the basolateral domain where most of Shf/
DmWif protein is located.
Shf/DmWif is then required for Hh dispersion even when
overexpressing Hh (Glise et al., 2005; Gorﬁnkiel et al., 2005).
Counteracting this effect, Ihog and Boi mediate the attachment of
extracellular Hh to plasma membranes in Hh producing cells. In
ihog and boi mutant cells, Hh levels, mainly at the basolateral
plane, are very low, and overexpression of Ihog or Boi not only
causes Hh accumulation at the plasma membrane but also a
restriction in Hh movement. Moreover, Shf/DmWif can rescue the
phenotype of restricted Hh movement imposed by ectopic Ihog or
Boi, and is necessary to allow the increment of Hh spreading
when knocking down Boi and Ihog in the P compartment,
demonstrating that proper gradient formation requires equili-
brium between these proteins. This is further conﬁrmed when
Ihog overexpression in the P compartment restricts Hh movement
and decreases Hh signaling in the region anterior to a smo clone
located at the A/P compartment border; and then again simulta-
neous overexpression of Shf/DmWif reestablishes the equilibrium
so Hh can now reach the wild type territory and signal across
the clone.
It has been proposed that Boi and Ihog are not required in P
compartment cells because double boi and ihog mutant clones
had no effect on Hh signaling (Zheng et al., 2010). However, this
conclusion did not take account of Hh non-autonomy. Indeed, it
has been reported that wings develop normally even with P
compartments that have large hh mutant clones (Chuang and
Kornberg, 2000). This non-autonomy of Hh is also supported by
the lack of an effect on Hh signaling of disp / clones (Burke et al.,
1999) or by long-range spreading of Hh through large smomutantclones (Chen and Struhl, 1996). Because of Hh non-autonomy, the
function of Boi and Ihog in Hh-producing cells was only revealed
when Boi and Ihog were knocked down in the whole P compart-
ment. Interestingly, despite of the low Hh levels in the P
compartment in the absence of Boi and Ihog function, an increase
of long-range Hh gradient was observed. Our interpretation is
that a low Hh retention at the plasma membrane of P compart-
ment cells causes an increase of Hh release, so the bulk of Hh that
reaches the A compartment is higher than in the wild type
condition. Supporting this hypothesis, we show that Ihog and
Boi from A cells have indeed the capacity to ‘‘capture’’ Hh from P
compartment cells.
In addition, the ectopic expression of Ihog increases not only
the endogenous levels of Hh but also levels of Shf/DmWif and
Dally along cytonemes located at the basolateral side of the disc
epithelium, as previously described for Dlp (Callejo et al., 2011).
Some of these long ﬁlaments extend up to several cell diameters
and are reminiscent of ‘‘cytonemes’’ (Ramirez-Weber and Korn-
berg, 1999; Roy et al., 2011). In the context of Notch signaling,
actin-based ﬁlopodia are important for lateral inhibition between
non-neighboring cells (Cohen, 2003; De Joussineau et al., 2003). In
Hh signaling, we have observed that cytonemes act as vectors for
Hh movement in the ECM, contributing to Hh gradient formation
(Bischoff et al., in preparation). Since Boi and Ihog are absolutely
required for reception, Ptc, Ihog- and Boi-labeled cytonemes
emanating from A compartment cells are probably essential for
sequestering Hh from P cells. Although this work does not provide
the molecular mechanism by which Shf/DmWif, Dally, Ihog and
Boi proteins affect cytoneme-mediated Hh transport, we suggest
that Shf/DmWif might be responsible for maintaining the equili-
brium between Hh attachment to cytonemes -mediated by Dally,
Ihog and Boi - and Hh release or movement.Conclussion
Our previous analysis on Hh release in the wing imaginal disc
epithelium indicates that although Hh is initially externalized
through all plasma membranes, the apical Hh pool is internalized
and recycled to basolateral plasma membranes where the long-
range Hh gradient is formed (Callejo et al., 2011). In this article we
provide a comprehensive genetic analysis that conﬁrms our
hypothesis. We describe a novel role of the glypican Dally and
of the transmembrane protein Boi in the process of the apical
internalization of Hh in P compartment cells, which is essential to
guarantee that the bulk of Hh protein produced in the P compart-
ment cells is redirected towards the basolateral domain. We also
describe a role of the Hh coreceptors Ihog and Boi, and the
diffusible Shf/DmWif factor at the basolateral plane of the
epithelium. These proteins interact physically and together with
Dally act to establish a balance between Hh attachment to
membranes and movement across the ECM to promote gradient
formation and signaling. Moreover, all these proteins associate to
cytonemes in the basolateral part of the disc epithelium. Thus, the
interplay of all these proteins creates an environment supporting
Hh transport along cytonemes to shape a proper gradient.Acknowledgements
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